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Abstract
This thesis presents a suite of laboratory experiments exploring negatively buoyant two-
phase plumes. The experiments are intended to provide physical and conceptual
understanding of various environmental factors and how they relate to, interact with, and
possibly change the structure and function of the plumes.
The studies are motivated primarily due to the possibility of sequestering anthropogenic
carbon dioxide in the deep sea. Before this temporary solution to global warming can be
recommended or rejected, it is necessary to first be able to model the CO 2 with
confidence in order to predict the effect that the greenhouse gas will have on the biology
and chemistry of the locale.
The first experiment examines the effect of negative buoyancy on counter-flowing
plumes. The second examines a negatively buoyant jet while the third adds a dispersed,
positively buoyant phase. The fourth investigation roughly quantifies the effects of an
ambient current and several buoyancy ratios.
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1.0 Introduction
Over the past decades, interest has emerged in modeling and using models to describe the
shape and predict the fate of negatively buoyant two-phase plumes. This work is
primarily intended to view, describe, and quantify the effects on vertical round jets of
internal and ambient conditions and factors which will be described in greater detail later.
A greater understanding of plume dynamics will be attained in the hopes that it can be
applied to previous and future studies in many fields.
1.1 Applications
Results from this work can be applied to many different situations. The conditions
established in the different experiments tend to be general and cover a broad variety of
situations. The simplest of these is a single dense jet. Industrial effluents often have
densities greater than the environment into which they are introduced. Ocean outfalls of
brine from desalinization plants or of gypsum are some common examples (Roberts,
Ferrier and Daviero, 1997; Roberts and Toms, 1987). Brine outfalls have received a
great deal of attention since the release of salt into the environment, even when it is
present naturally, can be toxic at high concentrations and can also affect the migration of
aquatic animals (e.g. shrimp) who navigate using salinity gradients. Pincince and List
(1973) reported that a concentrated brine of specific gravity 1.283 would need to be
diluted 100:1 in order to obtain a perfect survival rate for indigenous species. In addition,
industrial saline jets often contain other metals and toxins that could prove to be
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disastrous for some areas if too much loading occurs. Jets have therefore been studied
and modeled extensively.
By adding a buoyant dispersed phase, a more complex and less understood situation is
created. Positively buoyant dispersed phases are used and found throughout the world.
Some examples include reservoir destratification, aeration, ice prevention in harbors, and
industrial mixers (Socolofsky, 2001). The dispersed phase can also be negatively
buoyant and create an inverted plume. This occurs when dredged material is
continuously released into the ocean from a single point (Ruggaber, 2000; Socolofsky,
2001). Negatively buoyant dispersed phases have not been included in the scope of this
work however and will not be discussed further.
A very relevant topic that deserves further discussion is the possibility of deep-sea
sequestration of anthropogenic carbon dioxide. A record of atmospheric C0 2, which has
been keep at Mauna Loa, Hawaii since the late 1950's, shows a concentration increase of
fifty ppm, or 1/6 of the present amount, of the greenhouse gas. The correlation between
greenhouse gases and the ability to absorb and trap heat is widely recognized and
accepted. For this reason, CO2 release is one of the major suspects in the rise over the
past fifty years of surface temperatures of 0.6 degrees C and ocean temperatures of 0.3
degrees C (Socolofsky 2001; Crounse 2000).
One possibility to delay the effects of our pollution is to store the CO 2 created from fossil
fuel consumption in dissolved liquid form in the deep sea (Brewer et al, 1999). There,
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the temperature and pressures found at 1000+ meter depths would allow the carbon
dioxide time to dissolve into the sea before flashing to vapor phase or reaching the
surface of the sea (Adams et. al., 1998). The sea is a potentially ideal choice for this
strategy for several reasons. First, its size, covering approximately 71% of the earth's
surface and having a total volume of 1.3xi0 9 cubic meters, could amount to a huge
reservoir (Britannica). There is also a very long residence time for depositions in the
ocean. The large size and relatively slow deep ocean currents also lead to a long particle
residence time, ranging from several hundred to thousands of years (Alendal et al, 2001).
The alkalinity of the ocean can neutralize the effects of the acidic inputs while biota in
the sediments and water column can transform the carbonate species into solid form,
increasing the residence time even further. Additionally, at depth and low temperatures,
the CO 2 has been shown to create a hydrate that tends to have the same effect (Brewer et
al., 1999). Finally, the sea already acts as a sink for CO 2 through biological mechanisms
that pull CO 2 from the atmosphere into the ocean. They could therefore be
preconditioned to changes in the greenhouse gas level.
There are several concerns associated with sequestration however. In much the same
way that too much CO 2 can be toxic to humans, it is feared that the elevated
concentrations of CO 2 could cause problems for macrofauna. Also, many species
residing in the ocean are very pH sensitive. The addition of too much CO 2 to any
particular area could outweigh the alkalinity and drive the pH. Before any course of
action can be recommended, a greater understanding of the marine life tolerances to
carbon dioxide and its effects must be reached.
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In an effort to achieve this goal, field tests have been performed and will continue into
the future (Adams et al., 1998)
1.2 Description of structure
A great deal of work has been done with buoyant plumes and jets though few have
included a second phase. What follows are discussions of single and two-phase plumes
and the effects of negative buoyancy in the continuous phase and positive buoyancy in
the dispersed phase. First though, a description of jets and plumes is necessary.
1.2.1 Jets and Plumes
The differentiation between jets and plumes is a matter of momentum and buoyancy. A
jet is the discharge of fluid into another body of the same or similar medium using kinetic
energy. A plume is similar to a jet in appearance, but is caused by a net difference in
potential energy between the two fluids. Equations and methods used to model the two
are similar but differ due to the presence of momentum in a jet. A brief discussion of the
most relevant concepts to this study follows below. For a more complete description,
please refer to Fisher et al, 1979 and more current literature.
There are several parameters that have historically quantified jets and plumes. In the case
of jets, where there is no buoyancy, the major factors are the volume flux, Q, and
kinematic momentum flux, M. In the case of round jets, these quantities are given by
12
Q = %D 2 W (1.1)
M = cD2W2 (1.2)
where D is the jet diameter and W is the mean velocity across the jet. For plumes, there
is negligible initial momentum yet there is a kinematic buoyancy flux, B. For thermal
plumes,
pB = cagP/Cp
where p is the density of the fluid, x the coefficient of thermal expansion, g is the
acceleration due to gravity, P is the heat flux added by the heat source, and Cp is the
specific heat of the fluid at constant pressure. It is much more common in discharge
situations however for the buoyancy flux to be determined by a difference in density. In
this case,
B = g(Apo/p)Q (1.3)
which can also be written as
B = g0'Q (1.4)
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where Apo is the difference in density between the two fluids being considered and go' is
accordingly the effective gravitational acceleration. Dimensionally, the above variables
are [Q] = L3/T, [M] = L4/T2, and [B] = L4/T3. These can be combined to form
characteristic lengths and times through which different jets and plumes can be compared
and studied. Dimensional analysis will be covered in greater depth later in this thesis.
Several numbers have been developed that can be used to quantify the magnitudes and
properties of jets and plumes. The most common term used to quantify turbulence is the
Reynolds number, often abbreviated as Re. The equation for this term is
Re = pwD/t (1.5)
As can be seen from Eq. 1.5, the Reynolds number is a comparison of the inertial forces
and the viscous forces (Young, et. al., p. 291). A general rule of thumb is that if the
Reynolds number is above 2000 then the jet will be turbulent, but it has been shown that
Re = 4000 may be necessary to achieve fully developed turbulence (Fischer, 1979). In
general, turbulence will increase the amount of mixing which leads to greater dilution and
plume and jet spreading. Laminar plumes and jets are created by similar circumstances
as turbulent ones, yet they behave differently in the environment, must be modeled
differently, and will not be considered in this thesis.
The Froude number is a convenient way to describe the balance of momentum flux and
buoyant forces in a jet and is therefore often referred to as the jet densimetric Froude
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number. Since it is a ratio, the equation for the initial Froude number can be determined
through dimensional analysis to be
FO = w / (g' D) 1 2  M 5 /4/(QOB 1 2) (1.6)
where M, is the momentum flux, Q0 is the volume flux, and B. is the buoyancy flux, all
the initial values of the terms defined above (Pincince & List 1973). There are several
different kinds of Froude numbers. In general, they describe the ratio of gravitational to
inertial forces (Fisher et al 1979). The actual values are reached through different
equations though, since different situations depend on different factors. For example, the
estuarine Froude number is a measure of freshwater flow versus the salinity gradient and
stratification as well as tidal velocity. Another Froude number compares fluid velocity
and pressure effects on waves. Dimensionless numbers such as the jet Froude number
create a scale by which to measure the effects of different fluxes and from case to case.
While creating models and prototypes for large real-life situations, the number also
assures appropriate scaling. It also provides a method for calculating the similarity to jet
flows or plume flows. A pure jet is defined to have a densimetric Froude number of
infinity while for a pure plume, F approaches 0.
Another common number used to scale and compare jets and plumes is the Richardson
number, Ri. This dimensionless number is used in similar situations as the Froude
number but is a measure of mixing. A high Ri indicates strong stratification and little
mixing. A low Ri is the opposite case where one can assume well-mixed conditions.
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Another difference is that it is common to attribute a Ri to plumes in addition to jets. The
plume Ri is a measure of the specific fluxes described earlier as a function of height and
the equation is
Rip=Q B1/2/m5/4 (1.7)
where g is the specific volume flux, B is the buoyancy flux, and m is the specific
momentum flux. The specific volume and momentum fluxes can be modeled as
Q = 0.15 B 1/3 z/3
M = 0.35 B2/3 z 4/3
(1.8)
(1.9)
The coefficients in Eq.'s 1.8 and 1.9 are experimentally determined (Fisher et al., 1979).
The jet Richardson number is very similar but is independent of height and relies solely
on Q, B, and M:
RiO = Q B1/2 /M5/4 (1.10)
16
and
By comparing Eq.'s 1.7 and 1.10 it can be easily seen that the jet Froude and Richardson
numbers are related to each other. They can therefore be written in terms of one another
as
Rio = (n/4)1 /4 / F. (1.11)
By definition the Richardson number falls between 0 and 1 and so it is an easier scale to
use and conceptualize (Fisher et al., 1979). Physical meaning to the above range will be
developed below in the following paragraphs.
Given enough time and space, jets will eventually lose their kinetic energy through
turbulent losses to the environment. Oftentimes, jet-like discharges to the environment
have a buoyant component. If this is the case, then the jet turns into a plume at a
characteristic distance lM where
im = m3/4 / B1 . (1.12)
In the case of a vertical jet, for z << lM the flow is like a jet and for z>>lM the flow is like
a plume (Fisher et al., 1979).
Jets also entrain the ambient fluid into their structure, thus increasing the diameter of the
jet per height of rise or distance traveled. Another length scale, l can be created to
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represent the distance over which a volume of fluid has been entrained that is equivalent
to the initial volume flux. In this case
Q= Q / M1 (1.13)
Some literature states that the initial volume flux can be neglected in any analysis for
locations farther from the source than l (Roberts et al., 1997) while another recommends
that the source volume flux not be neglected for Froude numbers less than twenty-five
(Roberts and Toms, 1987).
Fisher et al. (1979) define the jet Richardson number as
Rio = lQ/IM. (1.14)
This makes a great deal of physical sense. Eq. 1.12 suggests that there is a distance at
which the jet becomes a plume and Eq. 1.13 implies that at some point the volume flux
due to entrained fluid dominates the momentum of the jet and will subsequently take on
plume properties. l must be less than lm since for l to be relevant the flow must still be
a jet. This is why the range for Rio is 0:1. Recalling that Eq. 1.11 states that Froude and
Richardson numbers are inversely proportional for a high Froude number (jet), Rio
approaches 0 and for a low Froude number (plume) Ri0 approaches 1. This correlates
with Eq. 1.14 's prediction that when l approaches lM a plume will form.
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1.2.2 Single Phase
Perhaps the most important aspect of single-phase plumes is that they are self-similar
outside of the zone of flow establishment, the ZFE. Fisher et al. reports that the ZFE can
usually be approximated as between six and ten jet diameters; beyond the ZFE is the zone
of established flow (Figure 1-1). Self-similarity entails that the velocity and density
profiles fit a near-Gaussian curve at all heights. Single-phase plumes can therefore be
defined by a centerline value of the property of interest and a width, both of which are
functions of distance from the release point that is depicted in Figure 1-2. For example, a
self-similar velocity profile fits the equation
w(z, r) = Wm(z)exp(-r 2/b2 (1.15)
where Wm(z) is the centerline velocity as a function of height, r is the radius at the point
of interest, and b is the plume radius. Self-similarity is a helpful simplifying assumption
because it allows models to rely only on ordinary, first order differential equations
(Socolofsky 2001).
A great deal of work has been done with simple negatively buoyant jets since they are
often produced at industrial outfalls and can have serious environmental impacts.
Motivation for the available literature is therefore industry driven and concentrates
mostly on factors influencing diffusion and mixing. Diffuser angles, ambient currents,
varying Froude numbers, and jet velocity are all factors that influence mixing. This
thesis however is not a study on mixing and so attempts were made only to vary the
Froude numbers and jet velocity by necessity of the nature of the experiments.
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Figure 1-1: Experimental studies showing the zone offlow
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Figure 1-2: Self-similarity within a single-phase plume. The
profile of the plume is the same at any height that allows the
value of any point to be described by its height above the release
point and distance from the centerline of the plume.
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Through experimentation and dimensional analysis, a relationship has been established
between the height of rise of the jet zt, the mass flux M, the volume flux Q, the Froude
number F, and the jet angle 0:
zt M112 / Q = fi(F, 0). (1.16)
For a vertical dense jet, the above equation simplifies to
zt M12/ Q = C F. (1.17)
The values of C have been determined to be 1.85 by Turner (1966) and 1.72 according to
Zeitoun (Pincince & List, 1973).
1.2.3 Two-phase
Two-phase plumes tend to be more complex, with additional fluxes, movements, and
factors, than single-phase jets or plumes. These are created by the presence of the second
phase, which is caused by discrete bubbles, droplets, or particles. For the remainder of
this thesis, the second phase will be referred to as bubbles due to the phase choices in the
experiments. This second phase, while often having a negligible initial momentum flux,
does have a buoyancy flux that is separate and distinct from the continuous phase, which
for a bubble plume can be thought to be the entrained fluid.
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Bubbles change the physical structure and behavior of the plume by more than just
adding additional buoyancy. Since bubbles occupy space within the plume, a factor X has
been introduced to represent the fraction of the total diameter of the plume occupied by
bubbles. Since bubble rise is relative tot the continuous phase, bubbles tend to be
concentrated near the centerline and X<1. Due to different experimental conditions and
not accounting for certain things such as plume wandering, experimentally determined
values of X vary widely, ranging from 0.3 to 1.0 (Crounse 2000). Since X has been
shown to be weakly dependent on height and that X must be a constant for a self similar
plume bubble plumes can not be said to be strictly self-similar. It has been shown
however that since the dependence is sufficiently weak, self-similarity is still a
reasonable approximation (Socolofsky, 2001).
More sensitive to the bubbles is the entrainment constant, X. While a is well known for
plumes and jets, ap = 0.083 and cj = 0.054 (Fisher et al, 1979), entrainment coefficients
for bubble plumes range from 0.037 to 0.165 (Socolofsky, 2001). The entrainment
assumption is that the inward velocity perpendicular to the main flow is a function of the
mean velocity of that flow, such that
ue = UUm (1.18)
where ue is the entrainment velocity and Um is a characteristic velocity. An empirical
formula has been developed to find c, the details of which can be found in Socolofsky,
2001.
22
Another large change becomes noticeable when the ambient fluid is stratified. Single-
phase plumes tend to become trapped only once, due to differences in density. Multi-
phase plumes can have more than one detrainment, or peeling, occurrence however. In a
positively buoyant two-phase plume, as dense fluid is entrained it is carried upwards by
the buoyant force of the bubbles far past the point at which it would have peeled due to
the difference between its density and the ambient fluid or in a single phase plume. With
the addition of the bubbles however, the upward force is much greater and the re-
entrainment is more significant. The change in density of the ambient fluid is greater
over the larger height which the bubbles allow the fluid to be transported, allowing
multiple peeling events can take place. Figure 1-3 shows the difference in plumes
visually.
hT
P"(z) Single-phase plume Two-phase plume
Figure 1-3: Visual image of single- and two-phase plumes in stratification. The additional buoyancy of the
bubbles allows the entrained fluid to be transported higher than it otherwise would have been with only its
own momentum. (Socolofsky, 2001)
Somewhat related to peeling events is the possibility of separation between the
continuous and dispersed phase due to the effects of an ambient current. It has been
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shown that an ambient current will separate the two phases at a predictable height based
on the slip velocity us, the ambient velocity u., and the buoyancy flux B. Socolofsky
(2001) performed the dimensional analysis to arrive at the equation
u. / (B/hs)1 /3 = (p[us / (B/h)1/3]. (1.19)
Fitting a curve to data plotted in the above forms, he found that the best fit was in the
form of y = axb. Assuming this to be the case, Socolofsky found that
hs = 5.1B / (u. us) 8. (1.20)
While this equation is not applicable to negatively buoyant two-phase plumes, it is an
example of the relationship of heights to ambient current. Other researchers have done
work in the field of negatively buoyant jets in ambient current and have reached several
different results. For example, V.H. Chu in 1975 found a correlation of
zP = (3/8c2 1/3 (F2/3 Dj/Ur) (1.21)
where zp is the maximum height, a is the entrainment coefficient, F is the Froude
number, Dj is jet nozzle diameter and Ur is the ratio of ambient current to jet current
(Tong & Stolzenbach, 1979). Tong and Stolzenbach (1979) suggested a different model
for the maximum height of rise, namely,
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Zp = 1.7 F Dj / Ur. (1.22)
It appears, however, that both of the above equations do not meet the expected results for
one of the two ambient current extremes. The equations imply that as the ambient current
approaches zero the maximum height zp will go to infinity, which is theoretically
impossible since the jets are negatively buoyant. On the other hand, both Eq. 1.21 and
1.22 do predict that the height will go to zero as the ambient current approaches infinity
which is what one would expect based on physical experience.
1.3 Existing Models
There are a number of different hypotheses that have been developed to represent the
structure of a negatively buoyant two-phase plume. Some of the earlier ones have been
disproved while the newest look promising but have yet to be finely tuned. Figure 1-4
depicts the plume flow assumptions and predictions of three of these models that are
described below.
The first integral models assumed a single plume structure. One such model, developed
by Liro, effected peeling through the removal of a certain volume of the plume. Another
simple model by Schladow assumed that the peeling water intruded into the environment
at the neutrally buoyant depth. Neither of these models included mixing between the
descending portion of the plume and the inner column, as the entrained fluid would
overshoot the neutrally buoyant depth (Crounse 2000).
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Based on observations that there seemed to be two separate regions of flow within the
structure of a negatively buoyant two-phase plume, McDougall developed an integral
model that described two co-flowing annular plumes. The inner plume was composed of
the bubbles and entrained fluid while the outer was only water. This configuration is
especially helpful since it allows the center core to have a much higher velocity than the
water that it also moving upwards. This occurrence has been noticed in field experiments
and is one reason why it is suspected that two-phase plumes are not self-similar. While
the use of two regions is more accurate, the model still fails in several aspects. Perhaps
most importantly is that it does not represent McDougall's own observations that
included the outer region falling a relatively long distance before intruding into the
ambient fluid at a point of neutral buoyancy (Crounse 2000).
Asaeda and Imberger also formulated a double plume integral model. Their model
differs from McDougall's in several respects. The former model is a co-flowing model,
i.e. both sections flow upwards, and the later is a counter-flowing model. The inner core
is modeled as both of McDougall's sections and the outer, descending plume represents
the fluid from detrainment. Asaeda and Imberger approximate peeling by assuming that
all of the inner core volume moves to the outer core and descends. As it is descending it
mixes and interacts with the inner plume over a small portion of the total depth, the
boundaries defined by their density differences. This process is iterated until a solution
converges at which point a new peeling scenario is started at the top of the previous event
using the final solution as a starting point. The iterations continue in this manner until
the water surface is reached. While this model lacks the ability to model different
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upward velocities within the inner plume, it does provide a better picture of the peeling
events (Crounse 2000).
Crounse recently developed another counter-flowing model. In it, he models four
processes as differential equations that affect the formation of the plumes, namely
buoyant forces on the bubbles, dissolution of the droplets, turbulent entrainment, and
detrainment. He ignores any Gaussian relationships for the velocity and density profiles
and assumes a simple top hat profile. In order to arrive at a solution to his differential
equations, Crounse iterates his solutions over the entire plume structure, from release
point to the surface of the water. This allows him to model less discrete peeling events
that would otherwise have been skipped over by the Asaeda/Imberger model. While a
solid qualitative predictor of the behavior of plumes, the model does have several
weaknesses that limits its applicability. Crounse suggests that the most important of
these is its sensitivity to unknown parameters such as entrainment between the counter-
flowing plumes. If these values can be adjusted to meet field observations the model
becomes a powerful predictive tool as will be shown later in this thesis.
The models discussed above are all integral models, based on equations of state, mass
transfer, and other similar things. There is another family of models however that rely on
numerical methods and the Navier-Stokes equations. These are known as computational
fluid dynamics models, CFDs and tend to give significantly different results from the
integral models above.
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Figure 1-4: Plume cross-sections and directional velocity predictions.
a) is McDougal's co-flowing model. b) is Asaeda et al's counter-
flowing plume model. c) is Crounse's counter-flowing model with
detrainment. (Crounse, 2000)
One CFD that contradicts the Crounse model in terms of the fluid flux direction in the
bubble core of a two-phase plume is a model developed by Alendal and Drange (2001).
Modeling the two phases as separate bodies but linked through drag forces and mass
transfer, they suggest that the entrained fluid is actually traveling downwards, allowing
the bubbles to continue upwards but slowing them in the process. Figure 1-5 is a
representation of the two model outputs in comparison. In their paper, Alendal et al
(2001) include as limitations the lack of hydrate formation on their C02 bubbles which
would slow the mass transfer of the greenhouse gas. Also, they do not account for
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differing bubble sizes, and therefore velocities, within a single control volume. As with
most models, there are unique strong points as well. Some of these significant elements
include the ability to model the effects of current on the plume structure, mixing, and pH
effects.
U0 -- -.--
Figure 1-5: Velocity profiles based on model predictions.
The solid line is based on the Crounse model and the
dashed is based on Alendal et al's model. The faint boxes
are representative of the initial top hat solution used by
Crounse. (Crounse, 2000)
One factor the authors don't discuss that may lead to the different fluid direction results is
the sizing of their grids. The Navier-Stokes equations are solved using a finite volume
that requires a grid to be established. According to their paper, the grid sizing used
allows a 2m resolution where the total magnitude of the model size is of order 100m in
all directions. The bubble size used however ranges from 1mm to 12mm. It is quite
possible that the Alendal et al model is glossing over effects that have effects less than
2m in size. The inner core of a two-phase negatively buoyant plume will probably fall
into this category for the modeled length scales and much larger ones as well.
While not as common today as bubble plumes for aeration or brine jets from industry,
negatively buoyant two-phase plumes are becoming more relevant to our lives. With old
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problems such as volcanic fall-out and new challenges such as ocean sequestration of the
greenhouse gas C0 2, the need for a better understanding of the transport and mixing
capabilities of these plumes is becoming more pressing. The above models have
provided a great deal of insight and have their strengths but also have their weaknesses.
It is important now to continue to develop new models that incorporate better methods
and the deeper understanding of the structures and interactions between the different
pieces of the plumes. The old models should be refined in an attempt to address and
eliminate their weaknesses, thus making them a better tool.
1.4 Scope of work
This thesis is intended to provide both qualitative and quantitative data regarding the
structure, shape, and dynamics of negatively buoyant two-phase plume. Specifically, it
will describe experiments and results of four separate tests, three being without a current
and the fourth introducing an ambient current. The first establishes counter-flowing
plumes and compares the effects of positive and negative buoyancy fluxes on the
direction of ambient fluid flow. Also, some representative velocities are obtained at
different points in the cross-section. The second is a vertical negatively buoyant jet, the
results of which will be used to establish a correlation between the momentum and
buoyancy fluxes of the brine as well as to check the accuracy of the measurements by
comparing the constant to published coefficients. The third will demonstrate the effects
of a positive buoyancy source, in this case air bubbles, on the shape and height of the jet
rise. A second dimensionless parameter will be determined for this scenario. The fourth
experiment will introduce a current to the ambient fluid. Similar experiments and goals
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are achieved in this experiment as the previous. The results of all four will be organized,
processed, and commented on.
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2.0 Dimensional Analysis
Dimensional analysis is a powerful tool in the attempt to understand the relationships of
dependent and independent variables. Arranging them into dimensionless groups allows
the investigator to see an equation that might best represent the situation of interest and to
reduce the range of allowable correlation. In an effort to do so, it is imperative that a
preliminary understanding of the necessary variables exists in the mind of the one
performing the analysis. Choosing incorrect variables will obviously return spurious
results.
Perhaps the most common analysis method is the Buckingham Pi theorem. This theory
allows one to know the number of dimensionless groups necessary to characterize a set of
variables. For a one dependent variable and any given number of independent variables,
the sum of which is n, and k different dimensions such as time, length, mass, etc., the
number of dimensionless n groups is (n-k). For each dependent variable or new situation,
a new n must be defined. Experimental studies can then be used to find any constants
that will finalize the relationship. The studies can also be used to test the assumptions
made in developing the 7t groups.
In the analysis performed for this work, three scenarios were established. It is easiest and
most useful to walk through the several steps of the analysis. This allows us to verify the
results of each piece of the final model and in doing so be better able to separate the
effects of the current from other factors.
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Since height of rise, with units of simply length, is a relatively easy quantity to measure,
we have taken the height h to be the dependent variable. In the case of a negatively
buoyant jet, it is hypothesized that h is a function only of the momentum and buoyancy
fluxes of the continuous phase. In a vertical orientation, the direction of these fluxes is
exactly opposite. Remembering that [M] =1'/t' and [B] = 14/t3,
h = ( (Mc, Bc)
= h (Bc1/2 / M/ ) (2.1)
where the subscript "c" indicates that the variable is for the continuous phase. Ti1 is the
first dimensionless group. This relationship correlates with the one given in Pincince and
List (1973) and empirical results can be compared to those of Turner (1966) and Zeitoun
(1970). This arrangement of variables does make physical sense. The addition of
vertical momentum will force the maximum height higher while additional negative
buoyancy will decrease the height.
With the addition of bubbles to the negatively buoyant jet we can approximate and model
the negatively buoyant two-phase plume that we seek to understand. The positively
buoyant dispersed phase adds a complicating factor however in our analysis. There is
now a need to relate the functional dependency of the height to both the negative and
positive buoyancies so now the list of variables grows to
h = p (Mc, Bc, Bd)
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where Bd is the buoyancy flux of the dispersed phase. Bubbles have a negligible initial
momentum since their density, compared to water, is essentially zero. Following the
Buckingham Pi theorem, there are now four variables and two dimensions, requiring two
dimensionless groups. The easiest way is to make the first dimensionless grouping a
function of the relative buoyancy. This simplifies to
Ti = (p (7t2 = Bd/ Be). (2.2)
The easiest way to create a dimensionless group from a buoyancy flux is to divide it by
another buoyancy flux. The validity of the arrangement introduced in Eq. 2.2 will be
tested and verified through experimentation, as other options are possible.
The final step in this analysis is to factor in the effect of ambient current on the height of
rise. Considering only the continuous phase momentum flux, the continuous phase
buoyancy flux, and the ambient current, dimensional analysis suggests that
i = p (n3 = U Mc 1/4/ B ) 1/2(2.3)
where u. is the flow of the ambient current.
Eq.'s 2.2 and 2.3 describe separately the effects of dispersed phase buoyancy and ambient
current. If both effects are important, we expect
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711 = (p (712 , T3 )
and therefore that
h (B 1/2 / Mc3/ 4) = (p (Bd/ Bc , u. Mc '4 / Bc1/ 2 ). (2.4)
Eq. 2.4 states that dimensionless height is a function of the dimensionless buoyancy and a
dimensionless current. It lies to the experiments described later in this thesis to
determine the exact relationship among the three. If u., Mc, B,, and Bd are the only
important independent variables then the above equation has to work. Perhaps another
arrangement could be more convenient however. The biggest uncertainty is if you have
identified all of the independent variables.
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3.0 Experiments
Four sets of experiments were carried out in the Parson's Laboratory of the
Massachusetts Institute of Technology. Following is a description of the equipment used
to perform the experiments and collect the data and a more detailed summary of the
different equipment and procedures for each of the experiments.
3.1 Equipment
Certain instruments and methods were common to each of the experiments, specifically
the tanks, the data imaging and the data collection equipment. Experimental set-ups and
devices specific to the tests will be described in the appropriate section below.
The no-flow experiments were carried out in the Houdini tank, a 1.2m x 1.2m x 2.4m
deep tank. The total capacity of the tank is approximately 2,900 L (760 gal). The
crosscurrent experiment was performed in a long thin flume, with a maximum depth of
1m and a width of 0.5m. The positive buoyancy flux was provided by air bubbles created
with a positive pressure through a common aquarium tank air stone. Dissolving salt into
fresh water, creating a dense brine solution, created the negative buoyancy flux. The
ratios of the fluxes, i.e. negative:positive = 1:1, 2:1, etc., was varied as was the salinity of
the brine in order to test a wide variety of situations, rather than focus on a single
instance.
In order to visualize and capture the data, a CCD camera, a computer frame grabber, and
a 6 W Argon-ion laser was used. A fluorescing dye, Rhodamine 6G, with an excitation
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frequency of 480nm and emission frequency of 560 nm (Socolofsky, 2001) was mixed
with the jet as a conservative, passive tracer. The laser beam was spread to a sheet in
order to illuminate a slice of the plume, centered on the release point, in order to visualize
the structure in two dimensions. Due to inefficiencies in the fiber optics and refraction
through the air, glass, and water, the average width of the beam in the testing region for
both experimental locations was approximately 2 cm.
3.2 Counter-flowing Brine and Air Plumes
As mentioned earlier, existing models predict different plume velocity profiles, probably
due to their method of modeling. Some, such Alendal et al. (2001) predict that the
entrained fluid will fall in the direction opposite to the bubble rise. Crounse (2000), on
the other hand, postulates that the entrained fluid and bubbles will be co-flowing. In
order to determine the direction of fluid flow within and around a negatively buoyant
two-phase plume it was necessary to create a system that would have an ambient fluid, an
entrained fluid, and a detrained fluid and could mimic the interactions of the different
parts and phases.
For this experiment, two counter-flowing plumes were created in a non-stratified saline
environment of 1005 kg/m3 . Salty water has been shown to regulate the size of the
bubbles so that they are more uniform. Releasing air through a standard aquarium stone
formed the inner plume which was comprised of 1-2 mm bubbles. Four single-phase
plumes of dense saltwater, the brine, were released through a diffuser centered on the
rising bubble plume. The intended effect was to completely enclose the positive
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buoyancy core with a shroud of negatively buoyant fluid, both of them interacting with
each other and the outer entraining and detraining with the ambient fluid.
In order to better see the effect of different buoyancy ratios, the LIEF method was utilized.
Dye was injected into the entrained fluid in the inner region to monitor the track of that
fluid and its progress out of and back into the bubble plume. To accomplish the accurate
placement of the dye, tubing bound to a thin rod, the injection tool, was attached to the
diffuser such that the tip of the tubing was located along the centerline of the bubble
plume. The height of the tip was adjustable in order to monitor any differences in the
effects of the buoyancy ratio over the height of counter-flowing plumes. Since the slight
initial velocity of the dye was downwards, there was a bias against visualizing upward
fluid movement. A syringe pre-loaded with Rhodamine 6G controlled the flow of the
dye. A schematic representation and image of the set-up can be found in Figure 3-1 a and
b.
a) b)
Figure 3-1: Counter-flowing plume experimental apparatus. a)
is a schematic of the apparatus while b) is an image of the actual
thing. (Crounse, 2000; Harrison, 2000)
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Actual tests were run with different ratios of air buoyancy flux and brine buoyancy flux
ranging from 1:1 to 1:2.5. These proportions were chosen based on the approximately
one Newton of positive buoyant force that would be introduced by a kilogram of CO2 at a
depth of 800m compared with the negatively buoyant force that would be created by
dissolving that kilogram of CO 2 into a cubic meter of seawater. Under these conditions,
the resulting force is 2.8 Newtons. The conditions of individual tests can be found in
Table 3-1. Shortly after the bubble plume had established itself, the brine flow from
above was released. Within a minute or two, the system was at steady state and the
camera was started. Tests lasted a minute and consisted of two pulse injections of 1.5mL
of dye, the second coming thirty seconds after the first. Analysis consisted of recording
the movement of the entrained fluid both in the center plume and the outer plume.
Table 3-1: Testing conditions for the counter-flowing plume experiments. The
density difference between the ambient water and brine was 145 kg/M 3. (Harrison,
2000)
Run Injection Bd:Be Air Flow Brine Flow
Loc. (mL/min) (mL/min)
Set 1
Alb High 1:1.0 100 714
Alb2 High 1:2.0 100 1430
Alb3 High 1:3.0 100 2142
Alb25 High 1:2.5 100 1786
A2b2 High 2:2.0 200 1430
Set 2
Albl Low 1:1.0 100 719
Alb2 Low 1:2.0 100 1438
Alb25 Low 1:2.5 100 1798
A2b2 Low 2:2.0 200 1438
Alb25 Medium 1:2.5 100 1798
Alb25b Medium 1:2.5 200 1438
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3.3 Co-flowing Brine Jet & Air Plume
Interactions that can be modeled by negatively buoyant two-phase plumes can take place
over hundreds and thousands of meters. In the lab however, only a few meters at most
are available. This forced the use of brine jets and small air bubble plumes to simulate
such things as CO 2 dissolution into the ocean. Based on results from the previously
described experiment in Section 3.2, the brine mimics the entrained fluid in the inner
bubble plume. In the lab, once the momentum of the jet is dissipated, or the density
difference overwhelms the upward force provided by the bubbles in real situations, the jet
or entrained fluid will peel off from the main body and detrain, forming the negatively
buoyant shroud. The air bubbles in the lab perform the same function as bubbles,
droplets, or particles in the field.
A J-shaped assembly was constructed to serve as the structural base for the three sets of
brine jet/air plume experiments. In the small vertical section, the air line and stiff tube
with an inner diameter of 1/8" (3.2mm) for the brine were taped together to better ensure
that the two would interact as they would in a negatively buoyant two-phase plume. Both
the brine and airflow can be monitored and maintained, using calibrations to specify what
rates are actually being used. Calibration curves for the airflow, brine flow, and the
pulley assembly described above can be found in Appendix A. Since the first experiment
does not require positive buoyancy, the airflow can be shut off. The presence of the air
diffuser does not affect the performance or behavior of the jet at all.
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Several variables within the set-up of the experiment were tested. The first was the air
stone type. Both a regular aquarium air stone and a limewood saltwater air stone were
used, but it was discovered that while the limewood diffuser produced smaller bubbles in
a better defined, rising cloud, the asymmetries it introduced were detrimental in the near-
field. The regular air stone produced a variety of bubble sizes but the plume was well
defined and localized enough to create a single plume as opposed to two merging plumes.
A third option tested was not using an air stone at all. This produced uniform, but fairly
large bubbles.
As mentioned earlier, saline water can regulate the size of the bubbles to some degree.
The effect of salting the tank water prior to use was tested but the effects were found to
be minimal for these experiments. The practice was abandoned because of its
ineffectiveness but also since the increased density of the ambient water would reduce the
effect of the dense brine.
For the following experiments, Rhodamine 6G dye was mixed with the brine solution.
This departure from the previously described injection method was possible and
necessary since the goal of the following experiments is to visualize the brine jet and how
it is affected by various factors. An injection into the core of the fluid would reduce the
LIF effectiveness and the possibility of seeing some important physical change in shape
or behavior.
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3.3.1 Brine Jet
This test was intended to provide a basis for the two sets of experiments that will be
explained in the next two sections. Vertical, negatively buoyant jets have been studied
extensively in the past, yet it is important to revisit the concepts, shapes, and relative
measures that are used to quantify them.
Individual experiments consisted of jetting the brine upwards at various flow rates, and
therefore momentums. The recording of images began after approximately one half to
one minute of running. During this time, fresh water was flushed from the brine line and
the jet was able to reverse its direction and establish interactions between the vertical jet
and descending plume. Recorded experiments lasted for thirty seconds during which 150
frames were captured. Parameters and some additional information about each test can
be found in Table 3-2.
Table 3-2: Experimental parameters for the negatively buoyant turbulent jet.
Name MC Be QC Ap/p Re
m'/sec2  m4/sec 3  L/min --- ---
Jelm5 3.17E-05 -1.5E-05 0.95 0.0972 7055
Je2m5 2.84E-05 -1.4E-05 0.90 0.0972 6684
Je3m5 2.25E-05 -1.3E-05 0.80 0.0972 5941
Je4m5 1.72E-05 -1.LE-05 0.70 0.0972 5198.
Je5m5 1.26E-05 -9.5E-06 0.60 0.0972 4456
Jelm6 8.77E-06 -8.6E-06 0.50 0.1052 3713.
Je2m6 5.61E-06 -6.9E-06 0.40 0.1052 2971
Je3m6 3.16E-06 -5.2E-06 0.30 0.1052 2228
Je4m6 1.40E-06 -3.4E-06 0.20 0.1052 1485
Je5m6 2.25E-05 -1.OE-05 0.80 0.0782 5941
Je6m6 3.16E-05 -3.8E-05 0.30 0.0782 2228
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The forces acting on it can predict the shape of the jet, shown in Figure 3-2. A jet will be
seen moving vertically upwards in a uniform manner due to its own momentum.
Eventually though, the jet will slow down, due to energy losses to its environment and
entrainment, and gravity and its negative buoyancy will start to dominate. Since there is
additional fluid still rising below it, the dense plume will move to the outside of the jet
and have a curtain effect.
I
Figure 3-2: A schematic of the structure of a
brine jet. The V shape in the middle represents
the jet that proceeds until it loses its momentum.
It then creates a helmet or covering for itself with
the falling dense plume. The height h was used to
assist in quantifying the characteristics of the jet.
3.3.2 Brine Jet with Bubbles
With the addition of the positively buoyant dispersed phase, the experiments again
resemble a negatively buoyant two-phase plume. This particular experiment is set-up so
that both qualitative and quantitative data can be obtained regarding the addition of
bubbles to a negatively buoyant jet. The structure, techniques, and methodology remain
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nearly the same from the simple jet experiment. The only change is that the bubble
plume is allowed to set-up before the brine jet is started. This led to a slightly increased
time for the jet to reverse direction. Table 3-3 contains similar information as Table 3-2,
but for the present case.
Table 3-3: Experimental parameters for the negatively buoyant turbulent jet with a positive buoyancy
flux.
Name |Bd/BCl MC Bc Bd QC Qd Ap/p Re
---- m /sec2 m/sec3 mIsec3 L/min ML/sec -- ----
Belm8
Be2m8
Be3m8
Be4m8
Be5m8
Be6m8
Be1m9
Be2m9
Be3m9
Be4m9
Be5m9
Be6m9
Be7m9
1.0
1.0
1.0
0.5
0.5
0.5
0.4
0.4
0.4
2.7
2.0
2.0
2.0
3.17E-05
1.72E-05
8.77E-06
3.17E-05
1.72E-05
8.77E-06
3.17E-05
1.72E-05
8.77E-06
3.16E-06
8.77E-06
1.72E-05
3.17E-05
-2.OE-05
-1.4E-05
-1.OE-05
-1.4E-05
-1.OE-05
-7.4E-06
-1. 1E-05
-7.9E-06
-5.7E-06
-2.7E-06
-6.OE-06
-8.4E-06
-1. 1E-05
1.96E-05
1.44E-05
1.03E-05
6.99E-06
5.15E-06
3.68E-06
4.29E-06
3.16E-06
2.26E-06
7.17E-06
1.20E-05
1.67E-05
2.27E-05
0.95
0.70
0.50
0.95
0.70
0.50
0.95
0.70
0.50
0.30
0.50
0.70
0.95
2.00
1.47
1.05
0.71
0.53
0.38
0.44
0.32
0.23
0.73
1.22
1.71
2.32
0.1263
0.1263
0.1263
0.0900
0.0900
0.0900
0.0691
0.0691
0.0691
0.0541
0.0541
0.0541
0.0541
7055
5198
3713
7055
5198
3713
7055
5198
3713
2228
3713
5198
7055
The shape of the brine jet with a positively buoyant dispersed phase is harder to predict
than the shape of a simple negatively buoyant jet. It should have the same general
configuration since the principles are the same, but the addition of the bubbles could
disrupt the shape somewhat. Figure 3-3 is a schematic of the structure observed in these
experiments. The reasons why it looks the way it does will be discussed later in the next
chapter.
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Figure 3-3: A schematic of the
bubble and brine jet experiments.
The structure is similar to that of the
jet experiments except for the bubble
plume, which pulls some of the fluid
with it. As in Figure 3-2, the height h
was used to characterize the plume.
3.3.3 Brine Jet with Bubbles in Current
In order to simulate a smooth, straight current, experiments were moved out of the deep
box of the Houdini tank and into a long flume. There were several additional pieces of
equipment necessary to create the current. The J-structure assembly is attached to a
rolling trolley on the top of the long flume. A 0.5 horsepower DC-i engine and a Dayton
SCR control box control the speed of the movement. A schematic of the experimental
section can be seen in Figure 3-4.
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Figure 3-4: A schematic of the jet and plume with current experiments. As the
carriage is pulled in one direction a smooth, even current is affected in the
opposite direction. The depth of the water in these experiments is 0. 7m.
The same J-structure, pumps, and flow valves and meters were used so the differences in
performing the experiment arose in the methodology. After the bubble plume was
established at the correct rate, either the brine jet or the carriage movement was started.
If the current was to be relatively fast, then the brine reversal was attained before pulling
the carriage towards the recording area. If the current was to be relatively slow, the
carriage towing began before starting the brine jet. In either case, all three pieces of the
assembly, those being the air plume, brine jet, and simulated current had achieved a
steady state with respect to one another before the image capture started. Individual test
parameters can be found in Table 3-4.
The previous components and an ambient current now act upon the shape of the system.
The current will act to push both the jet and bubble plume over but with differing
success. The bubble plume can be represented as a vector sum of the slip velocity and
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the current while in a still current, advection quickly dominates over the jet velocity.
Figure 3-5 shows these effects.
Table 3-4: Experimental parameters for the negatively buoyant turbulent jet with a positive buoyancy flux
with an ambient current of various magnitudes between 25mm/sec and 20cm/sec. R is equivalent to IBlBci.
Name R M Bd Bd QC Qd Cur Ap/p Re
---- m4/sec2  m4/sec3  m4/sec3 L/min mL/sec m/sec ---- ----
Celm4 1 8.77E-06 -1.15E-05 1.15E-05 0.5 1.17 0.20 0.1403 3713
Ce2m4 1 8.77E-06 -1.15E-05 1.15E-05 0.5 1.17 0.15 0.1403 3713
Ce3m4 1 1.72E-05 -1.60E-05 1.60E-05 0.7 1.64 0.10 0.1403 5198
Ce4m4 1 1.72E-05 -1.60E-05 1.60E-05 0.7 1.64 0.05 0.1403 5198
Ce5m4 1 2.84E-05 -2.06E-05 2.06E-05 0.9 2.11 0.025 0.1403 6684
Ceim5 0.5 8.77E-06 -1.25E-05 6.26E-06 0.5 0.64 0.05 0.1533 3713
Ce2m5 0.5 8.77E-06 -1.25E-05 6.26E-06 0.5 0.57 0.025 0.1533 3713
Ce3m5 0.5 1.72E-05 -1.75E-05 8.77E-06 0.7 0.90 0.20 0.1533 5198
Ce4m5 0.5 1.72E-05 -1.75E-05 8.77E-06 0.7 0.90 0.15 0.1533 5198
Ce5m5 0.5 2.84E-05 -2.26E-05 1.13E-05 0.9 1.15 0.10 0.1533 6684
Ce6m5 0.4 8.77E-06 -8.11E-06 3.24E-06 0.5 0.33 0.15 0.0992 3713
Ce7m5 0.4 8.77E-06 -8.11E-06 3.24E-06 0.5 0.33 0.10 0.0992 3713
Ce8m5 0.67 1.72E-05 -1.13E-05 7.57E-06 0.7 0.77 0.05 0.0992 5198
Ce9m5 0.67 1.72E-05 -1.13E-05 7.57E-06 0.7 0.77 0.025 0.0992 5198
CelOm5 0.67 2.84E-05 -1.46E-05 9.73E-06 0.9 0.99 0.20 0.0992 6684
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Figure 3-5: A schematic of visual observations of a negatively buoyant jet
with a positively buoyant dispersed phase in an ambient current. The
height h was used to help characterize the system.
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4.0 Results
In this chapter, the results from the experiments described in Chapter 3 are presented,
some observations are shared, and some analysis of the results is performed. The first
section consists of sample images and explanations of different facets. The next three
sections tie the dimensional analysis of Chapter 2 with results of the experiments.
Qualitative discussion about observations is included as well.
4.1 Counter-flowing Plumes
This experiment was performed in order to better understand the importance of the
buoyancy ratios in the direction of fluid flow. As mentioned earlier, the Crounse model
predicts that entrained fluid will flow upwards, even with a negative net buoyancy flux.
The model created by Alendal et al (2001) as well as the model by Sato et al (2000)
predicts using a large grid Navier-Stokes model that the bubbles will rise against the
entrained fluid that is transported downwards with the negatively buoyant flow. The
experiments performed and described in this thesis indicate that the Crounse model
appears to be more accurate in this regard.
The experimental apparatus used to visualize the flows, while an approximation of the
actual CO 2 dissolution in the deep oceans, models the aspects adequately for the purpose
for which it was designed. A specified positive buoyancy flux can be introduced to the
tank as a bubble plume and a negatively buoyant shroud is formed given enough time to
equilibrate. There is interaction and entrainment between the inner and outer plumes and
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between the outer plume and the ambient environment. Figure 4-1 is a sample image
displaying all of the above characteristics. The Houdini tank acts as a section of a CO 2
plume with no ambient current and little to no stratification.
Injection point
NEis
Miigzone
SBubble 1lume
Figure 4-1: Interactions between the inner and outer
plumes. The bubble plume is apparent in the photo but the
brine plume is harder to detect. We must rely on the eddies
and turbulent mixing zone, visible due to the addition of dye
to the bubble core, to both confirm the plume's existence
and also its interaction with the inner plume. It is only
through these interactions that the dye can be transmitted
further than the leading edge of the dye plume.
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For the range of buoyancy fluxes tested, there was not a single case where the entrained
fluid was forced downwards, whether it was injected near the top of the bubble/brine
interaction area or near the bottom. One might expect that the negative buoyancy near
the diffuser would have less of an effect since the brine would not have had a chance to
mix with and interact with the inner plume yet. This may be so, but similarly one might
expect that near the bottom, the entrained water would have come only from the falling
dense water.
In Figure 4-2, it is possible to see the effects different factors have on the movement of
dye through the two plumes. Comparing Figure 4-2a and 4-2b, for example, one can see
how the increase in the buoyancy flux in b) tends to pull the dye down in the outer plume
more than it does in a) yet both still allow some dye and entrained water, in a) more than
b), to flow upwards with the bubble plume. The same effect can be noticed in Figure 4-
2c and d. Comparing Figure 4-2a and d) will illustrate how the upward force increases
with larger heights as the bubble plume entrains only salty water near the bottom. In both
cases, the dye travels predominantly upwards but in Figure 4-2a, little if any dye reaches
the bubble plume diffuser. The images show that the placement of dye above the release
point does happen, regardless of the conditions that were tested in these experiments. For
this reason, one can conclude that the fluid does indeed rise, even against buoyancy
fluxes that are two and a half times as strong as the positive lifting force.
Additional velocity analysis was performed to test the Crounse model further. To
provide velocity measurements from the experiments leading edges of dye plumes were
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d e f
Figure 4-2: Images of rising entrained fluid. a) is with an air: brine buoyancy flux ratio of 1:1
and the dye is released relatively high. b) is with an air: brine buoyancy flux ratio of 1:2.5 and
the dye is released relatively high. c) is an image before the experiment started as a gauge for
the height of release. d) is with an air:brine buoyancy flux ratio of 1:1 and the dye is released
relatively low. e) is with an air:brine buoyancy flux ratio of 1:2.5 and the dye is released
relatively low. f) ) is an image before the experiment started as a gauge for the height of release.
marked in successive images that were captured at a known interval. An average velocity
from several measurements was plotted as a function of height/distance from the plume
centerline. Once the entrainment parameters of the model were adjusted to match those
predicted for the plume, the model accurately predicted most of the experimental results.
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A table of the measurements and a series of tables displaying results can be found in
Appendix B.
4.2 Negatively Buoyant Plume
Both qualitative and quantitative results were obtained from this experiment. While both
aspects certainly support pre-existing and published observations and values, the
qualitative seems to be more accurate.
Over the course of the experiment, which was recorded for 30 seconds but ran for at least
one minute several interesting things could be seen. One of the most obvious, and
something previously reported in the literature, was a pulsing in the jet's height. While
no particular time scale was casually noticed, it might be possible to develop one through
images taken for this experiment and by doing so better understand from where the
puffing behavior originates. It is possible however that the magnitude of the variation is
proportional to the flow rate of the brine. For example, in Figure 4-3a there is a clear
distinction between a dark gray/black main jet and the lighter gray of a past puff. In
Figure 4-3b however, there is a much weaker jet and no evidence of puffing. The images
of Figure 4-3 are not the extremes of this example, as higher flows had larger puffs and
smaller flows had no visible variation, but were chosen for their clarity in the difference
between the two.
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e4m5141
~ 4 e2mSO70
Figure 4-3: Jets of different magnitudes. In a) it is possible to notice the
remnants of a puff In b) you can recognize the lower degree of mixing
observed in weaker jets.
Possibly related to the puffing events was the amount of dilution that was taking place.
With larger jets, more mixing was taking place and the dye faded away noticeably faster
than with the weaker jets. In Figure 4-3, the lighter shades of gray indicate more mixing
with ambient water since the same concentration of dye was used in both tests. In a), one
can see that while the dye is still quite dark while it maintains some upwards momentum
but as it falls back down, the color of the dye fades away until near the bottom it is hardly
noticeable. For the same amount of distance fallen, the jet in b) has not been able to
dilute the dye as much.
As discussed earlier in this thesis, experiments similar to this one have been done in the
past. In an effort to reproduce their results and progress through the first piece of the
dimensional analysis, an average height was recorded from each test. This was
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a)
accomplished by viewing each of the images quickly in Lab View, so as to produce a
movie effect. It was then possible to determine an average height by identifying puffs
and when the jet would fell suddenly and factoring them out of the height. The "h" in
Figure 3-2 is a visual example of the measured length. After each test was complete, a
single image was selected to be representative of the average height of the jet under those
conditions. Those images can be found in Appendix C. The height measured from each
can be found in Table 4-1. Table 4-1 also contains the value of the dimensionless height
predicted in Chapter 2 based on the data within Table 3-2. The actual height and
dimensionless height are plotted graphically in Figure 4-4, the slope of the line being the
dimensionless group constant.
Table 4-1: Measured experimental heights and
predicted values of height in a dimensionless
relationship.
Name h (MC 4)/(Bc1)
m m
Jeim5 0.1524 0.1087
Je2m5 0.1397 0.1029
Je3m5 0.1207 0.0915
Je4m5 0.1143 0.0801
Je5m5 0.1100 0.0686
Jelm6 0.0953 0.0550
Je2m6 0.0826 0.0440
Je3m6 0.0676 0.0330
Je4m6 0.0191 0.0220
Je5m6 0.1651 0.1020
Je6m6 0.0676 0.0680
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The value obtained by these experiments for nI, 1.44, is less than that predicted by
Turner, 1.85, and Zeitoun, 1.72. There are several reasons why any one value may
be lower than another outside of actually measuring the height incorrectly. The jet
0 .18 -- - ~~ ~ - - - ~~ ~ -~ ~ - - - -
0.16 -
0.14-
0.12 -
E 0.10 -
~0.08-
0.06-
0.04-
0.02 -
0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12
McA3/4 / BcA1/2 (m)
Figure 4-4: Plot of experimental height versus predicted height. The slope of the line, 1.44, is
equivalent to iv, of the dimensional analysis in Chapter 2.
geometry can play a role in determining the height. The above values are for
round jets and any deviation from circular could throw off the results. Small
changes in the values of flows and densities alter the results as well. Perhaps the
most likely source of consistent error though when comparing two values for a
constant such as Ti1 is not defining the maximum height of the plume to be the
same. For example, perhaps the measured height in Turner's experiments was
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considered to be the height of the average puff while in these experiments the puff
was ignored. Turner would therefore calculate a higher constant value. As noted
before, with additional flow comes a more pronounced puff effect. This would
force the Turner's measured height even higher at elevated flow rates. It is only
with consistent measuring criteria are the numbers able to be compared. For the
purposes of the rest of this analysis, the average of the two previously published
values will be used, i.e. n, = 1.785.
4.3 Negatively Buoyant Plume with Co-flowing Bubbles
Two things were supposed to be accomplished by adding a positive buoyancy flux in the
form of a bubble plume. The first, qualitatively, was to allow a better understanding of
how the shape and structure of a negatively buoyant jet changes when the net buoyancy is
not simply its own. The second goal was to identify the relationship between 7r 1 and 12,
or the dimensionless height and dimensionless buoyancy. Both objectives met some
degree of success.
Having started with a simple overturning of the brine and dye as the upward momentum
dissipated, the new situation with additional positive buoyancy is somewhat more
complicated. The only visible change was that the bubbles carried some of the dye
upwards after the rest had reversed direction. Figure 4-5 is an example where all three
pieces of the structure, the jet, the momentum reversal and downward plume, and the
trailing dye, are all easily recognizable. It is also interesting to note in this figure that it is
possible to see the dye in the bubble column becoming less concentrated as it rises.
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The approach to describing the effects of buoyancy on height is similar to those
employed in order to determine the empirical constant in the last section. The height is
e4m81 12
Figure 4-5: A vertical negatively buoyant jet acted upon
by a positive buoyancy flux. The air buoyancy flux to
brine buoyancy flux ratio in this image is equal to 0.5.
measured to the point where the momentum reverses and the jet turns into a plume as
shown in Figure 3-3. These heights, along with the calculated n, and n2 values are
included in Table 4-2.
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The plot of the data in Figure 4-6 and calculations of Table 4-2 is more complicated since
it deals with solutions to a problem on two sides of an asymptote. As n2= Bd/B,
approaches 1 from the left side, the positive buoyancy flux should approach the absolute
value of the negative buoyancy flux, effectively neutralizing its downward effect and
allowing the momentum to carry the fluid upwards to an infinite height. Looking at the
problem in terms of the dimensionless groups established earlier, why this happens
becomes obvious. Without any positive buoyancy flux, the height is a function of Mc and
Bc, namely,
h = (B, 2)/(Mc34) (4.1)
With the addition of the positive buoyancy however, height becomes a function of the net
buoyancy, B. = Bc-Bd, and Equation 4.1 can be rewritten as
=/h (B32)/(Mc34).
= h ((Bc-Bd)1/ 2 )/(M3/4). (4.2)
If there is no dispersed phase, then Eq. 4.2 simplifies to Eq. 4.1 and ni is the constant c
determined in Section 4.2. When there is a dispersed phase buoyancy flux though, Eq.
4.2 can be rewritten such that n1 is a function of n2 with a constant factor of c. This can
be expressed as
S=c / (1-n2) 1/2 = h (Bc 1/2)/(Mc3 4). (4.3)
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Table 4-2: Experimental heights and ;71 and 72
values.
Name Height 71m 72
m
Belm8 0.3112 3.2637 1.0
Be2m8 0.2000 2.8474 1.0
Be3m8 0.1334 2.6576 1.0
Be4m8 0.2740 2.4269 0.5
Be5m8 0.2000 2.4041 0.5
Be6m8 0.1111 1.8699 0.5
Belm9 0.2167 1.6820 0.4
Be2m9 0.1611 1.6974 0.4
Be3m9 0.1000 1.4750 0.4
Be4m9 0.0254 0.5523 2.7
Be5m9 0.1100 1.6684 2.0
Be6m9 0.2604 2.8210 2.0
Be7m9 0.3556 2.8391 2.0
*T1 = h (B01'2/ MC3/4)
72= Bd / Bc
6.0 ~ -_ _
5.0 -
4.0 -
K 3.0 -
2.0 -
1.0-
0.0
0.0 0.5 1.0 1.5 2.0 2.5
P! 2
Figure 4-6: Dependency of 7r, on 72. The theoretical asymptote at 7r2 = 1, represented by the dotted
line, is somewhat believable based on these data, keeping in mind the losses that any real system will
incur.
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It can be deduced from this equation that as 7 2 approaches a value of one, the height of
rise h should, theoretically, reach an infinite height. This analysis is covered in Appendix
D as well.
What is physically happening as n 2 increases beyond 1 is not as intuitively obvious. The
decrease in n, indicates that the overall height of the jet structure became smaller as more
bubbles were added. One hypothesis why this might occur is that as the bubble fraction
increases, the tortuosity of the jet increases and causes losses that would not have
otherwise been there. As the bubbles move through the jet, they force the brine along
streamlines that curve and bend so they lose their energy and momentum faster. A
similar hypothesis is that the movement and turbulence caused by the bubbles will rip the
plume structure apart. Figure 4-7 shows small, discrete parcels of dyed fluid being
removed from the rest of the jet and sped upwards, which tends to support the latter
theory.
4.4 Negatively Buoyant Plume Co-flowing with Bubbles in a Current
Before running this experiment, certain hypotheses had been formed concerning the
behavior of the negatively buoyant two-phase plume. Based on experience with the
escape height of a positively buoyant two-phase plume (Socolofsky, 2001) and physical
intuition, it was supposed that increasing current would decrease the maximum height of
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rise, measured as in Figure 3-5, in the negatively buoyant plume. These experiments
have shown this to be the case.
e4m9029
Figure 4-7: Image of a high positive buoyancy flux to
negative buoyancy flux ratio. The dark lines and
streaks above the plume are particles of dye being
pulled upwards by the bubbles.
It was observed during the crosscurrent experiments that the puffing of the motionless
experiments was not noticeably present. There could be several reasons for this. One is
that turbulence in the current muffles the signature of the pulse. This is not likely to be a
significant factor in these experiments however. Pulling the assembly through still water
minimized turbulence. The only significant source of turbulence is eddies created by the
assembly itself, but again, these are unlikely to play a large role. It is more likely that the
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spreading of the jet removes the cause of the pulsing. It is possible that the pulsing is
caused by the dye falling back on itself and reducing the effect of its own momentum.
This would cause the jet to have one of the sags mentioned in Section 4.2. When the
brine does not fall back on itself it is able to utilize all of the momentum to achieve height
e4m4130
and create a puff. Since the current moves all of the brine away before it has a chance to
fall on itself, as in Figure 4-8, no pulsing is possible.
Figure 4-8: The effect of current on a negatively buoyant two-phase plume. It is important to note that the
brine is swept away before it has a chance to fall on itself, which is a possible cause of pulsing.
In order to test the dimensionless height's sensitivity to ambient current, four sets of tests
were performed, each at a different buoyancy ratio. The heights and different n groups
can be found in Table 4-3. Based on the analysis of Sections 4.2 and 4.3, one can already
predict the value of the dimensionless height based on the buoyancy ratios if there is no
current. This is, of course, one of the limits in a study of current effect. Values for no
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ambient current will be plotted with those obtained through experimentation in Figure 4-
9. Actual calculations for these points can be found in Appendix D.
Table 4-3: Experimental heights and rr group values.
Name Height 1 72 IT3
m
Celm4 0.0381 0.8004 1.00 3.2146
Ce2m4 0.0635 1.3340 1.00 2.4109
Ce3m4 0.1270 1.9057 1.00 1.6073
Ce4m4 0.1651 2.4774 1.00 0.8037
Ce5m4 0.2878 3.3586 1.00 0.4018
Cel m5 0.0889 1.9523 0.50 0.7688
Ce2m5 0.1143 2.5102 0.50 0.3844
Ce3m5 0.0635 0.9961 0.50 3.0750
Ce4m5 0.0762 1.1953 0.50 2.3062
Ce5m5 0.1184 1.4441 0.50 1.5375
Ce6m5 0.0508 0.8974 0.40 2.8670
Ce7m5 0.0635 1.1218 0.40 1.9114
Ce8m5 0.1524 1.9230 0.67 0.9557
Ce9m5 0.2159 2.7243 0.67 0.4778
CelOm5 0.0889 0.8725 0.67 3.8227
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Figure 4-9: Dependency of irg on 93. Values for 7r3 = 0 are predicted values based on the
dependence established in Sections 4.2 and 4.3. The close fit of these points indicates that
the effects of the current can be made to approximate the boundary conditions.
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5.0 Conclusions
Chapter 3 explained what experiments were performed. Chapter 4 examined results and
made some predictions about the behavior of a negatively buoyant two-phase plume. It
also covered some observations and possible reasons for results straying from what was
expected. This chapter interprets what has been learned through these experiments. The
final section identifies potential areas for future work.
5.1 Interpretation
The counter-flowing plume experiments were helpful in resolving a point of dispute
between integral models and Navier-Stokes numerical models. It showed that for
reasonable and realistic amounts of CO 2 flux, entrained fluid would rise in the bubble
plume. This leads one to believe that the grid spacing in the numerical models is more
important that might have originally thought. As an aside, it was also shown that the
method employed to run the test is valid for situations where only a rough approximation
is necessary.
In the first brine jet experiments, an empirical constant was obtained that related the
height of the jet to its momentum and kinematic buoyancy. The value was approximately
20% lower than previously published constants, which is reason to believe that there is a
mismeasurement somewhere in the experiment, be it physical, or in the interpretation of
the data. The puffing nature of negatively buoyant jets was observed again.
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Upon adding bubbles to the brine jet several more observations were made. The bubble
plume will transport dense material upwards until it detrains for some reason. The
addition of positive buoyancy flux will not always help to increase the attained height of
the jet. Beyond a positive:negative buoyancy flux ratio of one, a greater flux of positive
buoyancy will actually inhibit fluid rise. If, for example, one wished to diffuse more
rapidly a dense waste product through an outfall, there would be a limit as to how much
air should be added. Otherwise too much air could maintain the pollutant concentration
as it is within the outfall.
The final experiments with current confirmed pre-formed hypotheses. As additional
current it added the height of the jet and plume decrease. For pos:neg buoyancy flux
ratios of less than one, the effect of additional positive buoyancy are opposite to
additional current. No attempts were made to quantify which dominates at which level.
For ratios greater than one however, both the net buoyancy and current will detract from
the height.
5.2 Future Studies
There are a large number of studies that can be launched from this experiments contained
in this thesis. To begin with, more tests need to be run in order to develop higher
confidence in the trends and also try to better understand the asymptote discussed in
Section 4.3. It would also be very helpful to have a better understanding of the pulsing or
puffing that has been observed so much in the negatively buoyant jets. Timescales and
variability over a puffing cycle are probably the two most important things that we would
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be able to learn at this point. Finally, more work and analysis must be completed in order
to better understand how dimensionless height of a negatively buoyant jet relies on the
dimensionless net buoyancy and current.
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Appendix A
Brine Pump Flow Rate
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Figure A-i: Calibration curve of the brine pump.
Air Flow Rate
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Figure A-2: Calibration curves for airflow meters. These are obtained through a volume flux
method.
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Carriage Velocity
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Figure A-3: Calibration curve for the carriage velocity.
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Appendix B
Table B-1: Plotted values of experimental velocities in both the central rising plume and descending
outer plume. There is one centerline value missing since a distinct dye edge was not always
noticeable. The values presented here are averages measured over several seconds.
Test Centerline Outer Plume
Velocity Height Ave Vel Ave Height Velocity Height Ave Vel Ave Height
(m/s) (M) (m/s) (M) (m/s) (M) (m/s) (M)
a1b1h 0.0568 0.90 0.0417 0.91 -0.0337 1.14 -0.0434 1.16
0.0265 0.91 -0.0530 1.18
a1b1l 0.0584 1.15 0.0523 1.19 -0.0633 1.47 -0.0475 1.46
0.0462 1.23 -0.0316 1.45
alb25h 0.0561 0.94 0.0410 0.93 -0.0604 1.11 -0.0722 1.11
0.0260 0.93 -0.0840 1.12
alb2h 0.0319 0.94 0.0279 0.94 -0.0675 1.14 -0.0513 1.14
0.0239 0.95 -0.0350 1.15
a2b2h 0.0347 0.94 0.0363 0.92 -0.0791 1.13 -0.0586 1.16
0.0380 0.90 -0.0380 1.19
al b25bm -0.1013 1.44 -0.0789 1.37
-0.0566 1.30
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The following is a collection of plots of the Crounse model velocity predictions for the
specific parameters of the experiment and the associated experimental data found in
Table B.1.
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Appendix C
The images in Appendix C are grouped by experiment type described in Section 4. A
reference to the experiment parameter table is given.
Negatively Buoyant Plume (Table 3.2)
I, 5 1
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Negatively Buoyant Plume with Co-flowing Bubbles (Table 3.3)
.e5-9l24 efW7
4 W9C29 eSl68
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Negatively Buoyant Plume Co-flowing with Bubbles in a Current (Table 3.4)
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Appendix D
The following is a description of how the three additional points at n3=O on Figure 4-9
are obtained.
One must first make a simplifying assumption such that
B1/2= (Bc-Bd)1/2
= Be12(0-Bd/Bc)1/2
= B1/2(1-C2)12 (D.1)
where Bn is the effective buoyancy in a system with both a continuous phase and
dispersed phase. It can be easily seen in the above set of equations that when the
buoyancy flux of the dispersed phase is negligible, in this case when there are no bubbles,
the effective buoyancy flux is equal to the continuous buoyancy flux.
Applying the above assumption to the dimensional analysis of Eq.'s 2.6 and 2.7, one can
state that
7E1 = (p (h (B 1/2/MK3/ 4 ), u. (Mc"4 / Bc12))
= (p (h (B, 1 2(1-2) 1/2/Mc3/ 4), u. (M 1/4 / B 1/2))
If there is no ambient current however, the above equation simplifies to
n, = h (B 1/2/Mc3/ 14) (1- 2 ) 1/2. (D.2)
The solution to Eq. D.2 will yield the y-intercept on Figure 4-9 for n 3=0. n, is the
constant value determined in experiments utilizing only negatively buoyant jets as
determined in Section 4.2. Solutions to the above equation for the four n 2 values of
Figure 4-9 are given in Table D.1, found below.
Table D-1: Theoretical values of h B, 112/M 3"4 = 1i/(]-
ir2)1/2 when there is no current. Only solutions using /7
=1.785 are plotted in Figure 4-9.
712  y-intercept with y-intercept with
i = 1.44 Ti = 1.785
1.0 00 00
0.67 2.51 3.11
0.5 2.04 2.52
0.4 1.86 2.30
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